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A calculation was made of the thermal diffusion cuments during an arbitrary type of chemical or
electrochemical reaction on the surface of a disk electrode. An explicit expression is given for the
currents for first order reactions. The expressions obtained made it possible to determine the Soret
coefficient in liquids.

Reliable measurement of the Soret coefficient, thermal diffusion coefficients in liquids, is an extremely diffi-
cult experimental task. In the majority of published works a direct method is used for this purpose. A solution is
placed in a cell between two plates having a temperature diffetence. Owing to thermal diffusion a concentration
gradient arises in the solution. Various methods were suggested for measuring this gradient, including optical [1-4]
and electrical [5-9]. Indirect thermal gravitational methods [10] were also used, one of the variations of which is
the electrothermal diffusion method {11, 12). Laying aside the question of the comparative accuracy of these meth-
ods, it should be noted that all of them possess a very substantial disadvantage: the presence of a temperature gra-
dient inevitably causes natural convection which mixes the solution. As a result, measurements of extremely small
Soret coefficients are not very reliable. A method is discussed below, in which natural convection does not affect
the measurements of the Soret coefficients. The method is based on the use of a rotating disk electrode. The rotat-
ing disk electrode.was proposed as a device for electrochemical measurements by one of us [13] in 1943. Thanks to
the works of A. N. Frumkin and his followers the disk electrode has become one of the most often used devices for
electrochemical investigations.

We will consider a disk with a temperature T, rotating in a solution with a concentration ce and temperature
Te. One of us [13] has determined the distribution of the dissolved substance on the surface of the rotating disk and
the current of substance to the disk in the isothermal case. The temperature distribution on the disk rotating in a
homogeneous liquid was calculated by Kibel' with consideration of the heat liberated as a consequence of dissipa-
tion [14).  If dissipation is ignored, then the temperature distribution will become unidimensional and similar to
the concentration distribution. The surface of the disk we will consider to be infinitely large, ignoring edge effects.
In this case the whole surface of the rotating disk is equally accessible in a diffusional sense. This circumstance
made the rotating disk very convenient for studying heterogeneous reactions, in particular electrochemical reactions,
reactions connected with solution, etc. The equally accessible nature of the surface of the rotating disk makes it,
evidently, a convenient instrument for investigating the thermal diffusion phenomena in liquids.

The presence of two gradients at once complicates the problem since in the expressions for the currents cross
terms [15] appear, and the equations prove to be linked. We will write the dissolved-substance current and the heat
flow relative to the liquid in the following form:

Jp= —xVT —dVe. (2
Here D is the diffusion coefficient, % the thermal conductivity coefficient, s the Soret coefficient, and d the Dufour

coefficient. The last terms in these formulas describe, respectively, the Soret effect, or thermal diffusion, and the
Dufour effect.

1273




In general, it is necessary to write a supplementary multiplier of the type(1—c) in the thermal diffusion term,
However, in the case of not too high concentrations it can be approximately replaced by one.

Distribution of the substance and temperature in the stationary case in the absence of energy dissipation is de-
termined by the system of equations:

vVe = —VJI, )

pcpv VT = —VJz. (4)

If there occurs on the surface of the disk a chemical or electrochemical reaction, the rate of which is given by the
function f(cy), where ¢, is the concentration on the surface of the disk, then the boundary conditions have the form:

[3:(0) | = f(co), ¢(00) = Cw, (5)
T(0) = T, T(0) = To. 6)

Here p is the density and cp the specific heat of the solution, y the coordinate reckoned from the surface of the disk
to the depth of the solution, v is the velocity of the stream entrained by the disk [16, 17, 13].

The Dufour effect in liquids is very small {15). The temperature gradient affects the distribution of the sub-
stance via thermal diffusion, which is very small in comparison with the normal convective diffusion. As a result
changes introduced into the concentration by the Dufour effect will be still smaller and they can not be examined.
We will attempt to find a solution for the formulated boundary problem considering the concentration as depending
only on the distance to the surface of the disk:

de dc ~d dr
ty e == ) e —_a
vy & 3 -+ Ds dycdy M
L i
. Vay  *ap (8)

where X is the thermal diffusivity. In the future it will be convenient to use the dimensionless variable

E=y(o/v)", (9
The quantities w and v denote, respectively, the angular rotational velocity of the disk and the kinematic viscosity.

In such dimensionless variables Egs. (7) and (8) will assume the form:

0w _ Vg, & .,
c DHc’_ S'JE(CT)’ (10)

TII_"%HI":——O- . (11)

The function H(E) is given in [16, 17, 13]. The system (3)-(4) is unlinked to the above assumptions. Solution of
Eq. (11) with the boundary condition (6) has the form [13];

Tw—To ¢ |
T()=—5—={ L(m)dn + 0 (12)
o .
n
Lin=esp| {H@2 | 1
0. ‘
p={Dnman. .» .
’ 0 . . ' .
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Integral (14) has been evaluated by various authors (13, 18-20). The values of the integrals B for a series of values
of v/ X are presented below [20].

v/% 0.01 0.1 1.0 10.0  100.0
B 114.87 13.058 2.524 0.882 0.372

As a rule, the Soret coefficient s for aqueous solutions is in the range from 1071 t0 1072 deg™!. The smallness
of this quantity makes it possible to solve Eq. (10) practically without restriction of its generality by the following
approximate means. Distribution of the substance in the first approximation is determined by solving Eq. (10) with-
out the right hand portion with the boundary conditions (5) [13):

3

Coo — Co "
c°(§)=—a—lSLWD(ﬂ)dﬂ+Coo’ (15)
0
where,with an accuracy above 1% [19],
° '/a 0,36
o= L¥2(n)dn = 1,61 (’l\?—) [ 140,35 (2) ] (16)
v

0

The constant ¢} is found from the boundary condition [5]. For finding the next approximation,the solution of (15),we
will substitute in the right hand portion of Eq. (10):

c"——;—Hc’=—— S(T‘,;—To) _d%{ [_cg_:_"oos Lle(n)d.q..{_coO] L (E) } Coan
The general solution of Eq. (17) is the function:
c(t)=a §Lvlﬂ(n)dn +b4 ST Tl D §L”’*(n)fln
] Bx—D)
— e e e (nydn § L (3) 22
4 ST —T0) (¢ = &) D gg L¥x(n)dn § Lvo(8)dE. (18)
aB(x— D) ; ;

0

The constants a and b are found from the boundary conditions (5).

As an example we will examine a heterogeneous first order chemical or electrochemical reaction. In other
words we will postulate that the density of the current j on the surface of the disk is related to the concentration by
the expression:

J=k(To)co. (19)

The rate constant k depends on the temperature T, on the surface of the disk, and in the case of an electrochemical
reaction also on the electrode potential. For a first order reaction the boundary conditions (5) take the form:

D¢’ |g=0 + DscT’ |g=0 = (v/ 0) "k (To) c(0), (20)

c(o0) = Coo-
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" For this case the constant cj is found in [13):
Deos
k(To)a(v/w)t+D

_ Finding the arbitrary constants a and b in the general Eq. (18) will lead to solution of the system of equations:

(21)

¢t =

Da-+{Ds (Te—To) /B (v/0) bk (L) lo==—s (T—T) cD¥/[B (1~ D)1 e

S(Tm "'-‘To)CooD

$(Teo— To) (Coo — o)X S Lv/p(n)dn S Lyix (%) dg

T e =D) 3

o n :
BTG OYCRTL LA S Sy e
af(x—D) § x(n); n§ ©

The second integral in (23) will lead to the first:

n . o0
S L¥%(n)dn SL“/“(é)dg = af ——S Lo (&) de S LY (n)dn. (24)
o 0 0 0
For convenience of calculation of the first integral we will divide it into two parts:

n

§ Zvo(myan § zve(g) dg = § 2o (m)an
o a. .0 .

o n
— §zvpmyan § (1 — Lonz))a. (25)
0

0

For calculation of the first term we will use the first two'terms of the expansion H(£ ) at small distances. As
. was shown in [13], this can be done since the ratio v/D is very large. Then for the integral y we have the expression

= { nLvo(n)dn = {—-1(0,17 s— —nt) }a
§n (n)dn §nexp D T "

R

§ [n+o5 o] exP{“‘ o1 }dn =147/ +0.96(D/%). (26)

We will show that in companson with the first term the second term in (25) can be lgnored For thls we w111 use the
obvious inequality 1- e-x =x. Then »

. voo n 3 ‘ . '
§ Lo (n)dn S (1= L@)de < — 2§ Dro(yan§ [ § 716 e a
: oAy e o .

0

IR

v 017 N e . e |
— — ‘lLV/D d — O, v . _ v
X 4 § _ (Tl) n = ‘.0,4 X_§ 'r] esp( : 0‘1 174_5_1]3) dn

. ‘ ' v D :,\s/z ) . ’ ‘ ’
= 0. _ .
oo (B ron.
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. For aqueous solutions the latter value is 0.1% of y. By substituting (24) and (26) in (23) we will ﬁhd the following
expressions for a and b with an accuracy up to that of the main terms: ' ’ o o

a=c +s(T,,.,--To){c°°_ o af ‘(_"‘._.,_D_)

o=y DYy _e (28)
+ Coo (‘?‘—B 72) —E- ’D (
s (4 (5 2) ,
Coo(coo"‘coo) / Y _ D ' ‘ (29)
+ Coo aﬁ x)} .

The density of the current taken from the disk equals

]'=]'o{1+s(Tm—T0)[%(i_%).{_ﬂ(l—ﬁ)]}; o

where
jo = k(To) e’ ' ' (31

Let us examine the limiting cases of very slow and very rapld reactions. In the case of a very slow reaction
(formally, the transition k — 0 corresponds to this) the value of co differs very little from that of Ceo. Therefore,
we obtain

B x

In the case of a very rapid reaction (formally, k - «) the concentration on the disk equals zero and the cuirent
attains the limiting value

j=fo[1+s(Tw—To)(E——l—)—)]. o 32

]'Hm=]'o[1+s(Tw—To) (E%"xﬂ)] @

It should be noted that the formula for the limiting current does not depend on the kinetic law for a surface reaction
and is valid for any order reaction.

In conclusion we will indicate the numerical values of the characteristic constants. For aqueous solutions un-
der normal conditions v/ X = 6.75, v/ D= 103, «=0.19, B = 1.64, y = 0.016.
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